Abstract-We develop a theoretical model describing the effect of applied force on the rate of enzymatic dissociation of disulfide bonds (Wiita, A. P. et al., Nature 450:124-127, 2007). The timescale characterizing the extension of the 8-domain protein chain, in which every domain contains a disulfide bond, exhibits anomalous force dependence: The extension time first increases and then decreases with increasing force. This type of force dependence indicates catch-binding and is under active investigation in a variety of systems. The disulfide system presents the first example of a chemical catch-bond. The key difference between the deformation model developed here and the two-pathway model used in the original publication is the bond-deformation term in the force dependence of the dissociation rate constant. The bond-deformation concept provides a different interpretation of the phenomenon. Rather than invoking a new dissociation pathway, which is difficult to rationalize for a simple S-S bond, catch-binding is explained by a force-induced deformation in the protein system disfavoring bond dissociation by thioredoxin. The analysis of the experimental data is performed within the Michaelis-Menten kinetic mechanism of enzyme catalysis. A simplified version of the MichaelisMenten mechanism containing only four parameters is found to provide a quantitative description of the key features of the experimental data.
INTRODUCTION
Recently, Fernandez and co-workers published a series of articles 15, 25, 29, 30 reporting novel and unexpected results regarding the enzymatic dissociation of disulfide bonds subjected to external force. A number of different enzymes were investigated. In particular, Wiita et al. 30 focused on several types of thioredoxin (Trx). The studies were performed with a chain of eight repeat units of the 27th immunoglobulin-like domains (I27) of cardiac titin. Each I27 domain consisted of 89 residues and contained a disulfide bond between the residues 32 and 75. Application of a 165 pN force for 400 ms caused partial unfolding of the 8-domain chain, exposing the disulfide bonds. Further unfolding of the chain was observed only in the presence of the Trx enzyme. Using forces within the 30-600 pN range, Fernandez and co-workers observed saturation of the chain extension at about 4 s. In the absence of Trx, the force alone was not able to break the disulfide bonds.
Surprisingly, the bond lifetime first grew and only later decreased with increasing force strength. Typically, one expects that force speeds up dissociation. The observed anomalous behavior of the bond lifetime identifies so-called catch-binding. The catch-slip binding transitions were discovered recently in a number of receptor-ligand biological complexes. 2, 3, 7, 8, 10, 17, 18, [21] [22] [23] [24] 26, 27, 32 The disulfide bond presents the first example of a chemical catch-bond, i.e., a system in which the increased lifetimes are associated with breaking a covalent bond.
Wiita et al. 30 proposed several closely related models of the observed effect. The best description of the experimental data was provided by a model postulating two distinct dissociation pathways for the disulfide bond dissociation. The two-pathway description of the catch-slip behavior using a single bound state was first proposed in Pereverzev et al., 21 which focused on the anomalous force dependence of the measured lifetimes of the P,L-selectin/PSGL-1 bonds. 17, 24 By containing an intermediate state the model of Wiita et al. 30 belongs to the class of two-state models, 8, 16, 28 and therefore, it is more complex than model of reference. 21 Nevertheless, the Wiita model is very close to the two-pathway model 21 both conceptually and mathematically. The two-pathway model with one bound state is the simplest model of the catch-slip and other 13 phenomena, and its straightforward mathematics leads to many useful analytic results. 19, 20, 23 One of the conceptual problems with the two-pathway model is the need for two distinct dissociation pathways that must point in opposite directions. It may be hard to visualize the two pathways, especially for such a simple bond as the disulfide.
An alternative interpretation of catch-binding was given in Pereverzev and Prezhdo, 18 which used a single dissociation pathway and attributed bond stabilization to a force-induced deformation impeding dissociation of the receptor-ligand bond. The model successfully described the behavior of the P-selectins/ PSGL-1 17 and actin/myosin 10 bonds, see Pereverzev and co-workers, 18, 22 respectively. Recent atomistic simulations 9, 16, 27 as well as experimental data 1 support the deformation interpretation of catch-binding by showing that the proteins forming the bonds undergo large-scale conformational changes involving the binding pocket. The deformation concept allowed us to rationalize not only the catch-behavior but also the large discrepancies between the bond dissociation rate constants obtained by extrapolating the finite force data to zero force and directly without force. 18 Depending on the magnitude and sign of the bond deformation energy, we classified biological bonds as stiff or deformable and as favorably or unfavorably deformed.
The current work applies the bond-deformation concept 18 to rationalize the anomalous behavior of the lifetime of the disulfide bond. 30 The paper is constructed as follows. The next section considers the Michaelis-Menten scheme of enzyme catalysis involving the reactant, product, and intermediate states.
Explicit analytic expressions for the time-dependent populations of the three states are given. A general expression for the time associated with breaking of the disulfide bond within one I27 domain is obtained. This bond dissociation time is related to the time-dependent extension of the chain composed of I27 domains. After that, the Michaelis-Menten scheme is analyzed for the experimental conditions of Wiita et al. 30 and an approximate solution to the full kinetic equations is derived. Then, the bond deformation concept 18 is applied to the force-induced enzymatic dissociation of the disulfide bond, and an explicit force dependence of the main reaction rate is proposed. The theoretical results from the previous sections are applied to the experimental data, and the parameters of the deformation model of the enzymatic dissociation of the disulfide bond are established. The final section summarizes the key findings of our work.
MICHAELIS-MENTEN MODEL OF ENZYME CATALYZED UNFOLDING OF A MULTIDOMAIN CHAIN
The unfolding of the 8-domain protein chain is determined by whether or not the disulfide bonds contained in each domain have been broken by the applied force. The dissociation of the disulfide bonds is catalyzed by enzymes. To describe the probability of a disulfide bond to be broken by time t, we will use the classic Michaelis-Menten scheme of enzyme catalysis. The scheme includes three states. The initial state 0 involves an intact disulfide bond and an enzyme that exists in solution independently of the bond. The intermediate state 1 describes the bound disulfidebond/enzyme pair. The bond is appropriately aligned and weakened by interaction with the enzyme. The final state describes a broken disulfide bond. The energy profile including the three states separated by barriers along the reaction coordinate is depicted in Fig. 1 . The intermediate state is shown in Fig. 1 as weakly bound, in agreement with the analysis of the experimental data performed in the next section.
Let p 0 (t), p 1 (t), and p 2 (t) denote the probabilities of the disulfide pair to exist at time t in state 0, 1, and 2, respectively. Since the bond must exist in one of the three states, the sum of the probabilities is equal to one
The probabilities evolve according to the following system of kinetic equations dp 0 ðtÞ dt ¼ Àk 01 cp 0 ðtÞ þ k 10 p 1 ðtÞ dp 1 ðtÞ dt ¼ k 01 cp 0 ðtÞ À ðk 10 þ k 12 Þp 1 ðtÞ dp 2 ðtÞ dt
Here, k ij denotes transition rates between states i and j, and c is the enzyme concentration. The force dependence of the rate constants used in Eq. (2) is not yet specified. It will be introduced below following the analysis of the general solution of Eq. (2) . Considering that initially, at t = 0 the probabilities are equal to p 0 (0) = 1, p 1 (0) = 0, and p 2 (0) = 0, the solution of Eq. (2) can be expressed as 
where
According to Eq. (3), the time dependence of the probability function for each state is given by a sum of two exponents with different decay times. The general solution (3) of the MichaelisMenten equations (2) remains valid for all values of the reaction rate constants and any dependence of the rate constants on applied force. Consider the average time s taking the system to reach state 2. It defines the timescale for the bond dissociation process. To find an expression for s, consider the probability that the system is not in state 2, i.e., 1 À p 2 ðtÞ: The corresponding probability density P(t) is given by
Then, s can be easily found from
As pointed out by Brujic et al., 6 the probability that n domains in an N domain chain will be unfolded is related to the unfolding probability for an isolated domain by the binomial distribution
where n ¼ 0; 1; 2; . . . ; N: In the present case, p 2 (t) is given by Eq. (3). According to the binomial distribution (6), the average number of unfolded domains is equal to
nPðN; n; tÞ ¼ Np 2 ðtÞ; ð7Þ
and the mean-square deviation of this number from the average is given by
ðn À lðtÞÞ 2 PðN; n; tÞ ¼ Np 2 ðtÞð1 À p 2 ðtÞÞ:
ð8Þ
If l denotes the length of one unfolded domain, then in accordance with Eq. (7), the chain extension averaged over an ensemble of experiments L(t) is equal to LðtÞ ¼ lNp 2 ðtÞ: ð9Þ
The corresponding value can be written including the standard deviation from the average as
Since the chain extension, Eq. (9), is directly proportional to the bond dissociation probability p 2 (t), the average timescale for the full extension of the chain is equal to the average timescale for the bond dissociation, Eq. (5). Therefore, a study of the time-dependent extension of a chain composed of many domains generates directly the lifetime of a single disulfide bond within the chain.
A number of expressions useful for the analysis of the experimental data can be derived from Eq. (6). For instance, the time-dependent probability density to have n unfolded domains can be computed as
This formula can be used to obtain the average time required for the unfolding of any n domains:
APPROXIMATION TO THE ENZYMATIC UNFOLDING MODEL
The expressions derived in the previous section can be used directly to analyze the experimental results. 30 Such analysis can be greatly facilitated, however, by the approximations derived in this section. The experimental data indicate that the strength of the applied force and the enzyme concentration strongly influence each other, see Fig. 2c of Wiita et al. 30 and, therefore, should enter the rate expression as a product. In order for Eq. (2) to satisfy this condition, the transition from the intermediate state 1 to the broken bond state 2 should be significantly faster than all other timescales in the system. Therefore, k 12 ) k 01 c; k 10 , leading to the conclusion that the dimensionless ratio a 2 /a 1 2 in Eq. (3) must be small, i.e., a 2 /a 1 2 ( 1. This condition allows us to write down the following approximate relationships
Considering the rate terms in Eqs. (3) and (4), we conclude that one of the decay times is short, 1/K 2 % 1/k 12 , while the other decay time is long, 1/K 1 % 1/ck 01 . Hence, if one is not interested in the very short-time behavior of the state populations and focuses on the long-time properties of the probabilities, Eq. (3) can be simplified to p 2 ðtÞ % 1 À exp½Àck 01 ðfÞt ð 14Þ
in the zeroth order approximation with respect to the small dimensionless parameter a 2 /a 1 2 . Note that Eq. (13) is already the first-order approximation. Equation (14) implies that at the simplest level the bond dissociation process is determined by the rate of the first step in the Michaelis-Menten mechanism. This first step is associated with the first barrier in the potential energy profile shown in Fig. 1 . Therefore, the second barrier and the intermediate state can be dropped from consideration, and the reaction profile can be approximated as shown by the dashed line in Fig. 1 . The resulting 2-state approximation is significantly simpler than the original 3-state scheme 30 as well as the 4-state scheme proposed more recently. 31 The rate constant entering Eq. (14) depends on the applied force. The force dependence will be described according to the deformation model 18 that associates the force-induced changes in the bond lifetime with conformational changes within the protein system. In the present system, these changes involve rearrangements and displacements of the disulfide group relative to the surrounding atoms of the I27 domain and the Trx enzyme. Prior to considering an explicit functional form of the force dependence of the rate constant, we need to re-write some of the general results obtained in the previous section in view of the approximation given by Eq. (14) . In particular, Eq. (5) for the bond lifetime becomes
The bond lifetime determines the timescale for the extension of the I27 domain chain. According to Eq. (12), the timescale s (0) on which none of the disulfide bonds in the N = 8-domain chain are broken, yet is shorter than the lifetime of an isolated bond by a factor of 8:
In contrast, the time needed to unfold 7 out of the 8 domains is greater than the isolated bond lifetime, Eq. (15), by nearly three times: s ð7Þ % 2:7sðfÞ: The zeroth-order approximation described in this section works very well and captures the most essential features of the experimental data. In this approximation, the disulfide bond dissociation rate 
obtained from Eq. (5) using Eq. (13) . Note that the only explicit force dependence considered in Eq. (18) is that of k 01 ( f ).
DEFORMATION MODEL OF ENZYME CATALYSIS IN THE PRESENCE OF FORCE
The one-dimensional reaction profile shown in Fig. 1 is a great simplification. It is a projection of a multidimensional motion of the complex system comprising the disulfide bond itself, substrate, enzyme, and solvent. Relative displacements of atoms and largerscale components such as residues or protein domains can change the shape of the interaction potential. For instance, it is exactly structural rearrangements of this kind that facilitate biological receptor/ligand interactions and form the basis for the induced receptor/ligand fitting idea.
14 Similar effects can be expected when proteins are subjected to mechanical forces. Residues that come in contact inside the binding pocket can shift, thereby improving or weakening receptor/ligand binding. The effect of the force-induced deformation of the interaction energy profile was considered in Pereverzev and Prezhdo. 18 The deformation effect acts in parallel with the Bell renormalization of the barrier height by applied force. 4 The Bell term is commonly used to describe the effect of the applied force on biological bonds, the majority of which are slip-bonds. It should be emphasized that the deformation and Bell effects are qualitatively different. The Bell term describes the force-induced modification in the receptor-ligand interaction assuming rigid receptor and ligand. On the other hand, the deformation term represents conformational changes that take place within the receptorligand pair due to the applied force and alter the interaction potential.
Molecular dynamics simulations show 30 that binding of the Trx enzyme to the I27 domain containing the disulfide bond is not optimal for the disulfide dissociation reaction. The Trx groove forms a 70°angle with respect to the bond. At the same time, the Trx catalysis proceeds by the S N 2 reaction mechanism, 11, 12 which requires that the disulfide bond and the sulfur atom of the enzyme align in the same direction forming a straight line. 15, 25, 29, 30 Therefore, in order for the S N 2 reaction to proceed, the system must overcome a deformation energy barrier associated with the rotation of the disulfide bond with respect to the Trx grove. Simulations show 30 that the bond rotation causes a contraction of the I27 domain, and that the contraction is opposed by the pulling force. Under these conditions, the force increases the deformation energy barrier, which can be represented by
as shown in Pereverzev and Prezhdo. 18 Here, a is the additional deformation energy that must be overcome to align the disulfide bond and the Trx groove in the presence of force f, and f 0 is the force above which the properties of the bond do not change significantly any more. As argued in Pereverzev and Prezhdo, 18 the functional form of Eq. (19) is chosen to ensure that the deformation energy grows linearly with applied force at small forces, and that the deformation saturates, such that further force increase beyond f 0 has little effect on the bond/groove alignment. The deformation energy a is positive in the present case, a > 0, since the force raises the energy barrier. It can be negative in other situations. 18 The current interpretation of the deformation effect is based on the atomistic simulations 30 and is associated with the rotation of the disulfide bond with respect to the Trx groove causing the I27 substrate to contract. The strong correlation between the force and enzyme concentration apparent in the experimental data, see Fig. 2c of Wiita et al., 30 suggests that the deformation occurs during the transition from the initial to the intermediate state, Eqs. (2). This step involves binding of the enzyme to the substrate. It is feasible, therefore, that the force-induced deformation involves not only the bond rotation but also a larger scale conformational change of the substrate, affecting the enzyme-substrate affinity.
In addition to opposing the conformational changes required to align the disulfide bond with respect to the Trx groove, the applied force acts to lower the barrier leading toward the transition state of the S N 2 reaction catalyzed by the Trx enzyme. By interacting with Trx, the disulfide bond is significantly weakened and a new bond involving the sulfur atom of the enzyme is starting to form. The force-induced change in the S N 2 reaction barrier can be described by the traditional term first introduced by Bell 
where x 01 is the barrier width. The two contributions to the energy barrier separating states 0 and 1, Eqs. (19) and (20) , emphasize the fact that the force dependence of the barrier is determined by two independent parameters-the bond/grove alignment angle and the displacement of the sulfur atoms with respect to each other. Combining Eqs. (19) and (20), the overall dependence of the reaction rate constant of the applied force can be written in the form
where k 0 01 is the rate constant in the absence of force, k B is the Boltzmann constant, and T is temperature. The deformation and Bell terms in Eq. (21) describe the catch and slip behavior associated with increasing and then decreasing lifetime with increasing force. According to Eqs. (19)- (21) the deformation model of the catch-slip force dependence of the rate constant contains four parameters. They are the force-free rate constant k 0 01 , the barrier width x 01 , the deformation energy a, and the saturation force f 0 . It follows from Eqs. (19)- (21) that if a > x 01 f 0 , the rate constant (21) is minimized by the force
The ratio of the maximum bond lifetime generated by f m to the lifetime at zero force defines the catchbinding efficiency
The efficiency can significantly exceed one, if the deformation energy is greater than the Bell term a > x 01 (f 0 + f m ). An alternative definition of the catch-slip efficiency associated with the presence of both a maximum and a minimum in the force-dependent bond lifetime is given in Beste and Hammer. 5 The deformation model presented above has been successfully used to describe the anomalous dependence of the bond lifetime on the applied force in the P,L-selectins/PSGL-1 18 and actin/myosin 22 catch bonds. The force dependence of the reaction rate coefficient given by Eq. (21) is used below to describe the anomalous force dependence of the disulfide bond dissociation catalyzed by the Trx enzyme. 30 In contrast to the model used in Wiita et al.,
30 the proposed deformation model contains only one bond dissociation pathway. The key force dependence enters the reaction rate k 01 (f) of the first step in the Michaelis-Menten mechanism, Eq. (2).
DISCUSSION OF THE EXPERIMENTAL DATA
The anomalous force dependence of the I27 chain extension time is a particularly interesting experimental finding reported by Wiita et al. 30 According to our model, the measured extension timescale characterizes the lifetime of a single disulfide bond, Eqs. (5) and (15) . Figures 2a, 2b, and 2c shows the experimental dependence of the bond dissociation rate on force r(f) for three Trx enzymes, including wild type Trx, Trx(P34H) mutant, and human Trx, respectively. The red dots present the experimental data, while the solid lines give the theoretical results, obtained within the simplest approximation r 0 (f) given by Eq. (17) (21) , are presented in the figure caption for each enzyme type.
The catch-binding efficiencies, Eq. (23), are equal to 4 for WT Trx and 2 for Trx(P34H). The efficiency is much higher for Human Trx, reaching nearly 60. According to Eqs. (22) and (23) the efficiency does not depend on the enzyme concentration, which is slightly higher for Humant Trx, c = 10 lM, than for WT Trx and Trx(P34H), c = 8 lM. Human Trx exhibits high catch-binding efficiency due to the large a and very small x 01 , see caption to Fig. 2 . The disulfide bond dissociation is slowed down the most by the following forces, f m = 301, 204, and 1085 pN for WT Trx, Trx(P34H), and Human Trx, respectively. The data shown in Fig. 2c are limited to f < f m and, therefore, the rate constant only decreases within this force range.
The analysis shows that the disulfide bond catalyzed by Human Trx is the most efficient catch system of the three Trx examples considered by Wiita et al. 30 The Human Trx system exhibits the largest deformation energy a % 261 pNÅ; and the deformation saturates by the largest force f 0 = 500 pN. The deformation energy of a % 261 pNÅ corresponds to about 6k B T at room temperature. The ratio of the deformation energy to the saturating force, Dx ¼ a=f 0 ; characterize the forceinduced deformation distance. According to the current interpretation, in which the deformation is associated with the rotation of the disulfide bond and causes contraction of the I27 domain, this distance quantifies the contraction. The contraction distances are 0.71, 0.6, and 0.52 Å for WT Trx, Trx(P34H), and Human Trx, respectively. These magnitudes are quite reasonable, since they originate from rotation of a single chemical bond by approximately a 70°angle. 30 The most efficient catch system involving Human Trx is the stiffest one. Its contraction is the shortest, and requires the largest force and the most amount of energy.
The distances x 01 characterizing the width of the barrier for the S N 2 reaction are shorter than the contraction distances discussed above, see caption to Fig. 2 . This should be expected, since dissociation of a chemical bond involves very small displacements of atoms. The S N 2 distance is the shortest for the Human Trx system, x 01 = 0.06 Å . Because it is so small, the Bell-type contribution, Eq. (20) , to the rate constant, Eq. (21), becomes significant only at large forces. As a result, the catch-slip transition in the Human Trx system occurs at a very large force, f m = 1085 pN. At smaller forces, the Bell term is not able to suppress the deformation term, Eq. (19) , responsible for the catchbehavior. This factor contributes to the large catchefficiency of the Human Trx system, sðf m Þ=sð0Þ % 60; Eq. (23). Equation (9) relates the dissociation probability for a single disulfide bond, p 2 (t), to the extension L(t) of the chain of N segments, each containing a bond. Figure 3 shows the evolution of the relative extension of the 8-domain chain catalyzed by WT Trx. The chain extension data shown in Fig. 3 were obtained using Eqs. (9), (14) , and (21) In the simplest description of the enzyme-catalyzed dissociation of the disulfide bond, the dissociation rate constant is a linear function of the enzyme concentration, Eq. (17) . However, the experiments 30 show modest deviations from the linearity. According to the more accurate approximation, Eq. (18) 
CONCLUSIONS
The anomalous dependence of the disulfide bond lifetime on the strength of the applied force has been described using a single bond dissociation pathway, in contrast to the two-pathway model proposed in the original publication. 30 It has been shown for the developed model that the measured timescale of the forced extension of the 8-domain protein chain directly gives the lifetime of a single disulfide bond contained in each domain. The model has been successfully applied to three experimentally studied systems involving WT Trx, Trx (P34H), and Human Trx enzymes.
The proposed model is based on the usual MichaelisMenten scheme of enzyme catalysis, involving the initial, final, and intermediate states. The exact solution to the kinetic equations of the Michaelis-Menten scheme has been presented. Application of the scheme to the experimental data relies on two assumptions. First, the transition from the intermediate to the final state is significantly faster than all other transitions. This assumption is not required, but it simplifies the analysis and gives good agreement between theory and experiment. Second, the rate coefficient for the transition from the initial to the intermediate state exhibits anomalous dependence on the applied force, while in model 30 this rate coefficient had no force dependence. Our assumptions are justified by the properties of the experimental data, in particular, by the fact that the effects of the force and enzyme concentration on the reaction rate are strongly correlated. The assumptions lead to the conclusion that the intermediate state plays little role in the observed force dependence of the disulfide bond dissociation catalyzed by Trx.
The deformation model 18 for the anomalous force dependence of the enzymatic dissociation of the disulfide bond incorporates two independent effects. First, the force increases the energy barrier associated with the rotation of the disulfide bond and substrate shortening. This bond deformation effect saturates at some force, Eq. (19) . Second, the barrier leading to the transition state of the S N 2 reaction is lowered by the force according to the traditional Bell expression, Eq. (20) . The atom displacements involved in the S N 2 reaction occur on a smaller scale than the bond rotation and substrate shortening. These two independent effects determine the force-induced change in the height of the barrier leading from the initial to the intermediate state, Fig. 1 . The deformation energy parameter a characterizing this process is a key characteristic of the catch-slip transition. The largest deformation energy obtained for Human Trx is on the order of 6k B T. Alternative estimates of the deformation energy that can be produced by independent experimental measurements or computer simulation would be extremely valuable for understanding the enzyme-catalyzed chemical catch-binding.
In the simplest approximation based on the small ratio of all other rate constants to the rate constant for the transition from the intermediate to the final state, the three-state Michaelis-Menten scheme simplifies to a two-state scheme, and the experimental data can be described using only four independent parameters, Eq. (21) . These are the dissociation rate constant in the absence of force, the width of the S N 2 reaction barrier, the force-induced bond deformation energy, and the force saturating this deformation. The simple 4-parameter picture provided by the deformation model gives good agreement with the experimental data on disulfide bond dissociation catalyzed by three different enzymes: WT Trx, Trx (P34H), and Human Trx. The small deviations from the linear dependence of the bond dissociation rate on the Trx concentration require a higher-order approximation to the full Michaelis-Menten scheme and involve two additional constants describing escape from the intermediate state. We would like to emphasize that the description of the catch-slip anomaly proposed in the current work is not unique, and that several alternative models are available in the literature. 2, 8, 16, 21, 26, 31 The current model differs from the alternative interpretations by its mathematical simplicity and by the bond deformation concept that is used to rationalize the physics of catchbinding.
The Trx-catalyzed disulfide bond presents the first example of a chemical catch-bond. The strongest form of catch-binding is observed with the Human Trx, leading to the catch-binding efficiency on the order of 60.
